Introduction
============

The origin of humans in Africa was famously proposed in the 19th century by Charles Darwin.[@b1-ebo-suppl.2-2015-057] Based on the presence of chimpanzees and gorillas in Africa and on Huxley's comparative anatomy studies that showed that modern humans and apes shared a common ancestor,[@b2-ebo-suppl.2-2015-057] Darwin argued that the ancestors of modern humans arose on African soil. Now, over 150 years later, genetics, with the advent of genome-wide genotyping and sequencing techniques coupled with archeological evidence, substantially confirms the African origin of the first modern humans, while highlighting many further complexities. In particular, with the continuing advancement of these genetic methods and through a symbiotic coupling with novel bioinformatic approaches, researchers are attempting to use genetic information to answer questions of our origins in finer resolution than previously obtainable. How and when did our ancestors first leave Africa? Were there multiple dispersal waves or a single one? What geographical routes were taken?

In this review, we present key literature tackling these questions and explore the strength of the conclusions drawn in the context of known genetics (summarized in [Table 1](#t1-ebo-suppl.2-2015-057){ref-type="table"}) and important archeological findings, as well as highlight the limits of inferences based solely on presently available genetic data.

Candelabra Versus Replacement Hypothesis
========================================

The debate dominating much of the anthropological discourse throughout the second half of the 20th century focused on where and when archaic hominins evolved into modern *Homo sapiens*, which we refer to as anatomically modern humans (AMH) throughout. Two main hypotheses dominated the discourse: the multiregional and the replacement hypotheses. The original multiregional model was proposed by the anthropologist Weidenreich in 1946 and advocated significant gene flow among subpopulations of *Homo erectus* living in different parts of the globe throughout the Pleistocene, so that modern humans trace their ancestry to multiple hominin groups living in multiple regions.[@b3-ebo-suppl.2-2015-057] Confusingly, the term "multiregional" model often has been used synonymously with the so-called candelabra model,[@b4-ebo-suppl.2-2015-057] originally proposed by Coon in 1962.[@b5-ebo-suppl.2-2015-057] The candelabra model hypothesizes that our early hominin ancestors, after leaving Africa 1 million years ago and migrating to other continents, independently evolved anatomically modern features. Under this model, the modern human form arose autonomously at multiple times and locations worldwide within the last 1 million years, so that modern non-African populations each primarily descended from separate evolutions of these *Hom*o species.[@b5-ebo-suppl.2-2015-057] This is in contrast to the traditionally proposed multiregional model, which importantly does not propose independent parallel evolution of AMH features (for a detailed discussion of these models, see Ref. [@b4-ebo-suppl.2-2015-057]).

The main fossil evidence in support of the multiregional and candelabra hypotheses was the discovery of the Dali Man in China.[@b6-ebo-suppl.2-2015-057] For multiregionalists or candelabra supporters, the mixture of archaic and modern features was evidence of a midway stage between early and modern hominins. That said, these fossils are poorly preserved, and some authors have suggested that these anatomical characteristics are in fact shared by other *Homo* worldwide, and thus were not unique to Asia.[@b7-ebo-suppl.2-2015-057],[@b8-ebo-suppl.2-2015-057] Some genetic studies also offered support to a multiregional and candelabra models, inferring the origin of a few genetic loci outside of the African continent. Examples include the oldest haplotype in the human dystrophin gene, which was found to be absent in Africans,[@b9-ebo-suppl.2-2015-057] although this was later explained as resulting from adaptive introgression from Neanderthals rather than providing support for the candelabra model.[@b10-ebo-suppl.2-2015-057]

Opposition to the candelabra hypothesis has come from both paleontological and genetic studies. The replacement, or out of Africa (OoA), model proposes a single and relatively recent transition from archaic hominins to AMH in Africa, followed by a later migration to the rest of the world, replacing other extant hominin populations.[@b7-ebo-suppl.2-2015-057],[@b11-ebo-suppl.2-2015-057]--[@b15-ebo-suppl.2-2015-057] Under this model, these hominins were driven to extinction, so that most of the genetic diversity in contemporary populations descends from a single or multiple groups of AMH who spread out of Africa sometime in the last 55--200 kya, although debate remains on the precise timings (note that, in light of admixture from extinct hominin groups, the OoA model is consistent with the original multiregional model but not the candelabra model).

The first genetic evidence consistent with the OoA model was provided by the study of mitochondrial DNA (mtDNA) phylogenetic trees, which identified Africa as the source of human mtDNA gene pool.[@b11-ebo-suppl.2-2015-057],[@b16-ebo-suppl.2-2015-057]--[@b18-ebo-suppl.2-2015-057] It was shown that all mtDNA haplogroups outside of Africa can be attributed to either the M or N haplogroups, which arose around 60--65 kya in South Asia[@b19-ebo-suppl.2-2015-057] and are thought to descend from the L3 haplogroup postulated to have arisen in East Africa around 80 kya.[@b20-ebo-suppl.2-2015-057] This was supported by further studies of mtDNA,[@b21-ebo-suppl.2-2015-057]--[@b23-ebo-suppl.2-2015-057] Y chromosome,[@b24-ebo-suppl.2-2015-057]--[@b26-ebo-suppl.2-2015-057] and autosomal regions[@b27-ebo-suppl.2-2015-057]--[@b30-ebo-suppl.2-2015-057] that suggested the existence of a common African ancestor. More recently, multilocus studies of genome-wide data have demonstrated that genetic diversity decreases as a function of geographic distance from East or South Africa, for example, as shown by an approximately linear decrease in heterozygosity and increase in linkage disequilibrium (LD),[@b31-ebo-suppl.2-2015-057],[@b32-ebo-suppl.2-2015-057] a finding consistent with the OoA model.

Several further replacement models exist, which differ in their emphasis. Harding and McVean, for example,[@b33-ebo-suppl.2-2015-057] proposed a more complex meta-population system for the origins of the first AMH. The authors highlight evidence suggesting that the ancestral African population from which modern humans arose was genetically structured,[@b34-ebo-suppl.2-2015-057]--[@b37-ebo-suppl.2-2015-057] so that extant populations at the time contributed unequally to the gene pool of individuals migrating out of the continent.[@b33-ebo-suppl.2-2015-057],[@b38-ebo-suppl.2-2015-057] The effects of ancient population structure on patterns of modern day genetic variation have also been suggested in several more recent papers,[@b39-ebo-suppl.2-2015-057]--[@b41-ebo-suppl.2-2015-057] which assess the impact of ancient hybridization on modern day genetic diversity through modeling and data-driven analyses. In addition to genetic studies, structure in the ancestral African population has also been supported through archeological and palaeoenvironmental models.[@b42-ebo-suppl.2-2015-057],[@b43-ebo-suppl.2-2015-057]

Eastern, Southern, or Northern African origin of the first *H. sapiens*
=======================================================================

Although the African origin of AMH is now largely accepted, debate has continued over whether the anatomically modern form first arose in East, South, or North Africa.

Southern or East African origin
-------------------------------

Support for an East African origin is provided by the discovery of the oldest unequivocally modern human fossils to date in Ethiopia: the Omo I from Kibish first discovered by Richard Leakey in 1967 dated to 190 and 200 kya[@b44-ebo-suppl.2-2015-057],[@b45-ebo-suppl.2-2015-057] and the Herto fossils dated to between 160 and 154 kya ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}).[@b46-ebo-suppl.2-2015-057]

Evidence for a Southern origin has largely been provided by genetic rather than archeological studies. Henn et al analyzed genomes from extant hunter-gatherers from sub-Saharan Africa: pygmies of central Africa, click-speaking populations of Tanzania in East Africa (Hazda and Sandawe), and the Khomani Bushmen of Southern Africa.[@b47-ebo-suppl.2-2015-057] Their analyses of LD and heterozygosity patterns suggested Southern hunter-gatherers were among the most genetically diverse of all human populations, lending support to a Southern African origin of AMH. Schlebusch et al also considered patterns of LD in South Africa, observing the same high levels of genetic diversity, low levels of LD, and shorter runs of heterozygosity as mentioned in the previous studies. However, by incorporating additional samples throughout the rest of Africa, they showed that LD-based statistics fail to pinpoint a specific origin point, as LD levels were similarly low in other parts of the continent besides South Africa, indicating that different groups of individuals within different regions are important. This suggests that the population history within sub-Saharan Africa is likely too complex to localize the origins of *H. sapiens* using these approaches and available data.[@b48-ebo-suppl.2-2015-057] Similarly, Pickrell et al showed an ancient link between the Southern African Khoe-San and the Hadza and Sandawe of East Africa, suggesting that both Eastern and Southern Africa are equally consistent candidates as an origin locality of modern humans.[@b49-ebo-suppl.2-2015-057]

A more recent study jointly analyzed paleo-climatic records and estimates of effective population size from the whole-genome sequences of five Khoe-Sans and one Bantu individual along with 420,000 Single Nucleotide Polymorphisms (SNPs) from worldwide groups.[@b50-ebo-suppl.2-2015-057] Although unable to resolve a Southern or Eastern origin, using coalescent-based modeling, they suggest that Southern African populations have had high effective population sizes throughout their history, which might result in lower levels of LD relative to other parts of Africa, irrespective of where AMH arose. This corresponds well with climatic records, which find that Western and central Africa were affected by a dry climate with increasing aridity, around 100 kya, leading to a decline in the effective population size of West African populations (ancestors of the Bantu-speaking and non-African populations) but not vastly altering the effective size of South Africans (ancestors of the Khoe-San).[@b51-ebo-suppl.2-2015-057] The incorporation of climatic data has also been important in mtDNA analyses aiming to resolve a clear location of origin. In a paper focusing on the distribution of mtDNA haplogroups, Rito et al propose that the most recent common ancestor (MRCA) of modern mtDNA likely arose in Central Africa before splitting into Southern African groups such as the Khoe-San (L0) and central/East African groups (L1'6).[@b52-ebo-suppl.2-2015-057] This is in good agreement with the aforementioned autosomal studies, which postulated an early split between the Khoe-San and more Northern African populations,[@b48-ebo-suppl.2-2015-057],[@b49-ebo-suppl.2-2015-057] although they did not advocate a MRCA in Central Africa.

Northern African origin
-----------------------

Up until recently, little focus has been given to North Africa as a potential origin point of the AMH form, despite the discovery of early AMH, Jebel Irhoud remains in Morocco dated to 160 kya ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}).[@b53-ebo-suppl.2-2015-057] Focus on the region changed with the publication of a revised Y chromosomal phylogenetic tree based on resequencing of male-specific regions of the Y chromosome from four relevant clades.[@b54-ebo-suppl.2-2015-057] The revised phylogeny found that the deepest clades were rooted in central and Northwest Africa, suggesting this region was more important than previously thought. Fadhlaoui-Zid et al went on to analyze both Y chromosome and genome-wide data from North Africa, the Middle East, and Europe. They found some evidence for a recent origin of human populations in North Africa but stressed how high levels of migration, admixture, and drift in North Africans make interpretation extremely challenging.[@b55-ebo-suppl.2-2015-057]

It is important to note that many genetic-based approaches such as these are limited in their ability to answer questions of this nature given that extant human populations are likely poor representatives of populations residing in these regions during pre-AMH time periods. For instance, populations can be quite mobile, and thus the geographic location of modern humans groups may differ from that of their ancestors in the past. Archeological and paleontological approaches, as well as DNA from ancient human remains, can go some way to guiding inference but are also limited given the scarcity of sites. For example, an origin of AMH in Western or central Africa cannot be ruled out but to our knowledge, there is currently no archeological data available to address this as a candidate region.

Potential Routes out of Africa
==============================

One of the most intriguing questions regarding the exit of modern humans out of Africa is which geographical route was taken. The consensus view is that if modern humans did exit Africa via a single dispersal, there were two possible routes (not mutually exclusive) at the time: a Northern route, through Egypt and Sinai, and a Southern route, through Ethiopia, the Bab el Mandeb strait, and the Arabian Peninsula ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"} and [Table 1](#t1-ebo-suppl.2-2015-057){ref-type="table"}). So far, neither archeological nor genetic evidence has been able to resolve this question with confidence.

Northern route
--------------

Some of the earliest remains of AMH anywhere outside of Africa, the Skhul and Qafzeh hominins, were found in the Levant (present-day Israel) and dated to 120 and 100--90 kya, respectively ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}).[@b56-ebo-suppl.2-2015-057],[@b57-ebo-suppl.2-2015-057] It has been suggested that these fossils represent an early exit of modern humans approximately 120 kya, traveling across the Sinai Peninsula to the Levant.[@b58-ebo-suppl.2-2015-057] The next human remains found in the region include the Manot1 cranium, which was dated to around 55 kya,[@b59-ebo-suppl.2-2015-057] demonstrating a considerable gap in the fossil record of AMH occupation in the Levant. This, in conjunction with climatic records, indicating a global glacial period 90 kya,[@b60-ebo-suppl.2-2015-057] has led some authors to suggest that if the first humans did exit early via the Levant they did not survive, and that the Skhul and Qafzeh hominins are the remnants of this failed exodus.[@b58-ebo-suppl.2-2015-057] Other authors emphasize the possibility that this group could have already left the Levant before the glacial period 90 kya.[@b61-ebo-suppl.2-2015-057] That said, the recent presentation of archeological material, primarily stone tools and assemblages dated to 100--80 kya, from an empty corner of the Arabian Peninsula suggests early settlements may have been widely distributed and that even if Skhul and Qafzeh do represent a failed exodus, it was broader and more complex than previously thought.[@b62-ebo-suppl.2-2015-057]

In addition to the evidence from the archeological and climatic record, genetic studies have also suggested some support for a Northern route. A study of Y chromosome haplogroup distributions together with 10 microsatellite loci and 45 binary markers in different African and Near Eastern populations found that the Levant was the most supported route for the primary migratory movements between Africa and Eurasia.[@b63-ebo-suppl.2-2015-057] In a more recent paper, Pagani et al sequenced the genomes of 100 Egyptians and 125 individuals from five Ethiopian ethnic groups (Amhara, Oromo, Ethiopian Somali, Wolayta, and Gumuz).[@b64-ebo-suppl.2-2015-057] After attempting to mask West Eurasian genetic components inherited via recent non-African admixture within the last 4 kya, they showed that modern non-African haplotypes were more similar to Egyptian haplotypes than to Ethiopian haplotypes, thus suggesting that Egypt was the more likely route in the exodus out of Africa migration, assuming the efficacy of their masking procedure. However, as noted earlier, one limitation of such studies that analyze modern DNA is that extant populations may not be good representatives of past populations due to factors such as population replacement, migrations, admixture, and drift.

Southern route
--------------

In contrast, mtDNA studies have traditionally favored a Southern route across the Bab el Mandeb strait at the mouth of the Red Sea.[@b65-ebo-suppl.2-2015-057]--[@b67-ebo-suppl.2-2015-057] From there, modern humans are thought to have spread rapidly into regions of Southeast Asia and Oceania.[@b68-ebo-suppl.2-2015-057],[@b69-ebo-suppl.2-2015-057] For example, two studies have concluded that individuals assigned to haplogroup L3 migrated out of the continent via the Horn of Africa.[@b67-ebo-suppl.2-2015-057],[@b70-ebo-suppl.2-2015-057] Furthermore, Fernandes et al.[@b71-ebo-suppl.2-2015-057] analyzed three minor West-Eurasian haplogroups and found a relic distribution of these minor haplogroups suggestive of ancestry within the Arabian cradle, as expected under a Southern route. That being said, many mtDNA studies, including these, are based on the premise that haplogroup L3 represents a remnant Eastern African haplogroup. Groucutt et al have recently theorized that L3 does not provide conclusive evidence for a shared African ancestor, given human demographic history is likely to be less "tree-like" than has been consistently assumed by mtDNA analyses.[@b72-ebo-suppl.2-2015-057] As an example, they showed that L3 could have arisen inside or outside of Africa if gene flow occurred between the ancestors of Africans and non-Africans following their initial divergence.

Short Tandem Repeats (STR) and analysis of LD decay in combination with geographic data have also been used to support a Southern route via a single wave serial bottleneck model.[@b73-ebo-suppl.2-2015-057] Under this model, it is thought that a group crossed the mouth of the Red Sea and traveled along the Southern coast of the Arabian Peninsula toward India as "beachcombers," exploiting shellfish and other marine products.[@b74-ebo-suppl.2-2015-057] Migrations then continued in an iterative wave as populations dispersed and expanded into uninhabited areas. This is consistent with a glacial maximum occurring during this time period, which caused sea levels to fall allowing potential passage across the mouth of the Red Sea.

From an archeological perspective, evidence indicative of maritime exploitation is extremely limited. The discovery of artifacts from the Abdur Reef Limestone in the Red Sea and archeological sites in the Gulf Basin that indicate long-standing human occupation earlier than 100 kya may offer some evidence; however, whether these represent the activities of the ancestors of modern-day human groups is still an open question.[@b75-ebo-suppl.2-2015-057],[@b76-ebo-suppl.2-2015-057] Furthermore, Boivin et al caution that while coastal regions may have been important, a coastal-focused dispersal would still have been problematic and not necessarily conducive to rapid out of Africa dispersal.[@b77-ebo-suppl.2-2015-057]

The Timing of the out of Africa Event
=====================================

Another key debate has focused on the precise timing of the exit of the first humans out of Africa ([Table 1](#t1-ebo-suppl.2-2015-057){ref-type="table"}). Currently, there are two conflicting proposals that dominate the literature, each differing by several tens of thousands of years and not mutually exclusive. The first claims that the Eurasian dispersal took place around 50--60 kya, reaching Australia by 45--50 kya.[@b19-ebo-suppl.2-2015-057],[@b67-ebo-suppl.2-2015-057],[@b71-ebo-suppl.2-2015-057],[@b78-ebo-suppl.2-2015-057]--[@b83-ebo-suppl.2-2015-057] The second posits that there was a much earlier exodus around 100--130 kya, prior to the eruption of Mount Toba (Northern Sumatra) dated to 74 kya.[@b84-ebo-suppl.2-2015-057]

The Toba eruption is important in the context of dating the OoA event, as stone tools thought to be associated with AMH have been found embedded in the volcanic ash.[@b85-ebo-suppl.2-2015-057] If these tools are indeed from AMH, this provides clear evidence that modern humans had reached Southeast Asia before the Toba eruption more than 74 kya. The stone tools discovered in the archeological site Jebel Faya (present-day United Arab Emirates) and the Nubian complex of Dhofar (present-day Oman) have provided further support for an early migration via Arabia.[@b86-ebo-suppl.2-2015-057],[@b87-ebo-suppl.2-2015-057] More importantly, the recent discovery of 47 human teeth in the Fuyan Cave in Daoxian (Southern China), dated to 80--120 kya and unequivocally assigned to modern humans,[@b88-ebo-suppl.2-2015-057] supports the dispersal of AMH throughout Asia during the early Late Pleistocene. However, it remains to be seen if individuals among these groups contributed genetically to modern populations or represent another failed exodus similar to that proposed in the Levant, a question that DNA analyses are uniquely capable of shedding light on assuming genetic information can be interrogated reliably from these samples. Other pieces of archeological evidence that may help place AMH in the Far East over 70--120 kya are the human remains from Zhirendong (South China),[@b89-ebo-suppl.2-2015-057] the teeth from Late Pleistocene Luna Cave,[@b90-ebo-suppl.2-2015-057] the famous Southern Chinese Liujiang skeleton, which seems to have anatomically modern features,[@b91-ebo-suppl.2-2015-057] and the Callao man, a human foot bone, discovered in Philippines that dates to 67 kya ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}).[@b92-ebo-suppl.2-2015-057]

Genetic studies have as yet been unable to settle the conflicting archeological evidence for these different dates, which can also be classified as pre-Toba (100--130 kya) or post-Toba (around 50--60 kya). Given the lack of ancient DNA (aDNA) data temporally and spatially, such genetic-based approaches have focused on inference using modern DNA. Studies based on reconstructing mtDNA phylogenies have suggested a date for modern humans leaving Africa between 60 and 40 kya,[@b80-ebo-suppl.2-2015-057] while dates inferred from STR analysis also fall within these estimates, positing an expansion date of around 50 kya for central African, European, and East Asian populations.[@b82-ebo-suppl.2-2015-057],[@b93-ebo-suppl.2-2015-057] Time estimates from whole-genome sequencing data have been more variable and depend largely on the choice of model used. For example, studies using the allele frequency spectrum, identity-by-state, or coalescent-based models suggest a divergence time of 60--50 kya,[@b94-ebo-suppl.2-2015-057]--[@b96-ebo-suppl.2-2015-057] while analyses based on the pairwise sequencing Markovian coalescent (PSMC) model suggest that the divergence began 100--80 kya, with gene flow occurring until 20 kya.[@b97-ebo-suppl.2-2015-057]

A key issue in the estimation of OoA dates using autosomal data is that the Yoruba of West Africa are commonly used as the reference point for AMH departure from East Africa, despite mtDNA and autosomal studies indicating a deep time separation of West and East African populations.[@b98-ebo-suppl.2-2015-057] Furthermore, many approaches assume that modern human groups are related via a simple bifurcating tree, which is likely an over simplistic view of human history. Another fundamental problem with many of the estimates used to date divergence times is that they are highly dependent on the choice of mutation rate, which can be estimated using a wide number of different approaches that often yield disparate values. The accumulation of heritable changes in the genome has traditionally been calculated from the divergence between humans and chimpanzees at pseudogenes, assuming a divergence time of around 6--7 million years ago (phylogenetic mutation rate 2.5 × 10^−8^/base/generation). With the advent of deep sequencing, it is now possible to directly calculate the mutation rate among present-day humans from parent-offspring trios. Using this method, the mutation rate has been estimated at 1.2 × 10^−8^/base/generation, half of the phylogenetic mutation rate, thus doubling the estimated divergence dates of Africans and suggesting that events in human evolution have occurred earlier than suggested previously.[@b98-ebo-suppl.2-2015-057]--[@b104-ebo-suppl.2-2015-057] More recently, Harris reported that the rate of mutation has likely not been stable since the origin of modern humans, revealing higher mutation rates (particularly in the transition 5′-TCC-3′ to 5′-TTC-3′) in Europeans relative to African or Asian populations thus suggesting it may be too simplistic to assume the mutation rate is consistent across different populations.[@b105-ebo-suppl.2-2015-057] In addition to this, there is also considerable uncertainty in terms of the effect of paternal age at time of conception in the mutation rate with respect to ancestral populations.[@b102-ebo-suppl.2-2015-057] Recent work has attempted to mitigate some of these difficulties by instead calibrating estimates against fine-scale meiotic recombination maps. Using eight diploid genomes from modern non-Africans, Lipson et al calculated a mutation rate of 1.61 ± 0.13 × 10^−8^, which falls between phylogenetic and pedigree-based approaches.[@b106-ebo-suppl.2-2015-057]

aDNA is becoming another major tool in appropriate calibration of mutation rate estimates and is likely to greatly refine our understanding of population divergence times, as it allows direct comparison of present-day and accurately dated ancient human DNA. For example, Fu et al used 10 whole mtDNA sequences from ancient AMHs spanning Europe and East Asia from 40 kya to directly estimate the mtDNA substitution rates based on a tip calibration approach. Using an amended mitochondrial substitution rate of 1.57 × 10^−8^, they dated the last major gene flow between Africans and non-Africans to 95 kya.[@b107-ebo-suppl.2-2015-057] Later work utilized high coverage aDNA from a 45,000-year-old western Siberian individual called Ust'-Ishim and a technique based on modeling the number of substitutions in relation to the PSMC inferred history, which led to slightly higher estimates of 1.3--1.8 × 10^−8^ per base per generation.[@b108-ebo-suppl.2-2015-057] It is likely that an increasing availability of ancient samples from different time periods will assist in further refining these estimates.

Intermixing with Neanderthals and Denisovans
============================================

On their migration out of Africa, AMH were not alone, with at least two distinct groups of archaic humans inhabiting Eurasia on their arrival: the Neanderthals and Denisovans ([Table 1](#t1-ebo-suppl.2-2015-057){ref-type="table"}). Traditionally, the replacement or the OoA model assumed no intermixing between AMH leaving Africa and archaic hominins such as the Neanderthals. The revised replacement model, however, allows for gene flow with these archaic forms following the OoA dispersal, which is also consistent with the original multiregional model proposed by Weidenreich but still differs from the candelabra model.

Some of the most exciting outcomes of work on aDNA have been the publication of full Neanderthal and Denisovan genomes.[@b109-ebo-suppl.2-2015-057]--[@b111-ebo-suppl.2-2015-057] Neanderthals, named after Neander valley in Germany where the species was discovered, are thought to have first appeared 250--200 kya,[@b112-ebo-suppl.2-2015-057] although the exact range is still under debate, and persisted, at least in regions of Southern Europe, until around 30 kya ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}).[@b113-ebo-suppl.2-2015-057] Initial genetic analyses focused on mtDNA, which is more easily extracted and amplified in ancient samples, and suggested no intermixing between Neanderthals and modern humans as they migrated into Eurasia.[@b114-ebo-suppl.2-2015-057]--[@b117-ebo-suppl.2-2015-057] However, such analyses that rely on only single-locus data such as mtDNA can suffer from a lack of power. The first draft of the Neanderthal whole genome was published in 2010 where, in a landmark study, Green et al found that Neanderthals interbred with modern humans, contributing detectable segments of their genomes (1.5%--2.1%) to present-day populations outside of Africa.[@b118-ebo-suppl.2-2015-057] More recent estimates, based on mutation rate estimates refined by precise data for recombination rates as described previously, date this admixture to within 35--49 kya.[@b106-ebo-suppl.2-2015-057] These new dates, which are more recent than previously published estimates,[@b119-ebo-suppl.2-2015-057] are in good agreement with recent work that suggested Neanderthal admixture with modern humans was not restricted to the time period of the OoA migration in the Near East but instead may have also occurred more recently in Europe. Applying *D* statistics,[@b120-ebo-suppl.2-2015-057] which measure correlations in allele frequencies due to shared drift and/or admixture,[@b121-ebo-suppl.2-2015-057] to DNA extracted and enriched from the Oase 1 human mandible found in Romania and dated to 37--42 kya,[@b122-ebo-suppl.2-2015-057] Fu et al found that 6%--9% of the Oase 1 genome was derived from Neanderthals. Analyzing the lengths of segments in Oase 1 of likely Neanderthal ancestry, they inferred that Neanderthal introgression into this individual occurred in the previous four to six generations ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}).[@b123-ebo-suppl.2-2015-057] The authors caution that Oase 1 likely did not contribute to modern humans but nonetheless it provides a striking example of relatively recent Neanderthal introgression. Interestingly, Kuhlwilm et al have recently provided evidence for modern human introgression into the ancestors of Neanderthals from the Altai Mountains 100 kya in the Near East, although not in Europe, thus suggesting that a group of AMH might have left Africa before 100 kya.[@b124-ebo-suppl.2-2015-057] This is also in agreement with the Daoxian remains,[@b88-ebo-suppl.2-2015-057] and other fossil remains described previously that helped place the AMH in East Asia in the early Late Pleistocene.

Analysis of a hominin finger phalanx discovered at the Denisova Cave of the Altai Mountains in Southern Siberia confirmed the existence of a genetically distinct group of archaic humans related to Neanderthals, named the Denisovans ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}).[@b110-ebo-suppl.2-2015-057],[@b111-ebo-suppl.2-2015-057] The Denisovan lineage was classified based on genetic evidence and estimated to have diverged genetically from Neanderthals 381--473 kya assuming a simple bifurcating tree.[@b109-ebo-suppl.2-2015-057] One startling discovery was that despite being discovered and identified in Siberia, the Denisovan genome was found to share detectable segments of DNA (3%--5% of the genome) in common with modern-day Near Oceanians, including New Guineans, Australians, and Mamanwas (a Negrito group from the Philippines).[@b110-ebo-suppl.2-2015-057],[@b111-ebo-suppl.2-2015-057],[@b125-ebo-suppl.2-2015-057] Since then, Denisovan introgression has been detected in further populations, for example, those from East Eurasia and Native America,[@b109-ebo-suppl.2-2015-057],[@b126-ebo-suppl.2-2015-057] suggesting the extent of Denisovan ancestry in modern populations is likely more widespread than has been previously thought. There is some evidence that haplotypes associated with archaic human introgression have been maintained in modern groups as a result of them providing advantageous genetic variation. For example, a recent study proposes that a haplotype that is adaptive to hypoxic conditions in high altitude Tibetans has a structure consistent with introgression from a Denisovan or Denisovan-related individuals, suggesting that gene flow with other hominins may be important in human adaptation to local environments.[@b127-ebo-suppl.2-2015-057]

Single or Multiple Waves of Migration?
======================================

An additional topic of ongoing controversy relates to whether the first modern humans to leave Africa were part of a unique dispersal event or whether in fact there were multiple waves of dispersal out of Africa to populate the rest of the world ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"}). A variety of dispersal models exist, which all fall within these extremes, as addressed by Groucutt et al.[@b72-ebo-suppl.2-2015-057]

Single dispersal
----------------

A single dispersal model states that AMH migrated out of Africa to the rest of Eurasia as a single wave exiting via a single route, whether North or South. As discussed previously, variants of the single dispersal model differ in their timing, for example, after 50 kya with complete population replacement under the upper Paleolithic model,[@b128-ebo-suppl.2-2015-057],[@b129-ebo-suppl.2-2015-057] versus those postulating as early as 100--125 kya based on the Skhul and Qafzeh remains and climatic data.[@b130-ebo-suppl.2-2015-057],[@b131-ebo-suppl.2-2015-057] They also differ on the exact route taken, for example, single coastal dispersal models 50--75 kya[@b132-ebo-suppl.2-2015-057] versus models governed by the location of discovered archeological artifacts, such as the Jebel Faya and Nubian models, based on artifacts found in present-day United Arab Emirates and North-East Africa, respectively.[@b86-ebo-suppl.2-2015-057],[@b133-ebo-suppl.2-2015-057]

Under all of these models, genetic evidence suggests that migration out of Africa was accompanied by a severe bottleneck in the initial migrating group(s), drastically reducing the genetic diversity before a rapid expansion. The serial founder effect model is one possible description of a single dispersal model,[@b134-ebo-suppl.2-2015-057] by which the dispersal out of Africa occurred initially via a single migrant group and continued in an iterative way as individuals dispersed into unoccupied regions, expanded in population size, and gave rise to new groups of founder individuals who again expanded into unoccupied areas. This serial founder process could give rise to the patterns of increasing genetic drift and decreasing genetic diversity observed in groups as geographic distance from Africa increases.[@b135-ebo-suppl.2-2015-057]

However, recent work by Pickrell and Reich has shown that the inverse correlation observed between heterozygosity and geographic distance can be generated under further historical models that all deviate in some way from the serial founder effect model and yet not as extreme as the multiple dispersals model. Primarily, they present models of dispersal characterized by fewer bottlenecks and more pervasive admixture that can also account for the patterns of heterozygosity we see in global populations.[@b136-ebo-suppl.2-2015-057]

East Asia is a key region when considering the nature of the first AMH dispersals. Under a single dispersal model, the peopling of East Asia is hypothesized to have occurred via a single wave, with, for example, Aboriginal Australians surmised to have diversified from within this East Asian wave of individuals. Recent whole-genome studies reveal a split between Europeans and Asians dating to 17--43 kya,[@b137-ebo-suppl.2-2015-057],[@b138-ebo-suppl.2-2015-057] which seems in conflict with archeological evidence from greater Australia (Australia and Melanesia, including New Guinea), suggesting the presence of AMH occupation in this region around 50 kya.[@b139-ebo-suppl.2-2015-057] This evidence casts doubt on the single wave dispersal framework, as it has been suggested that this would allow insufficient time for AMH to have migrated to greater Australia. Addressing this idea, Wollstein et al investigated several dispersal hypotheses relating to the colonization and demographic history of Oceania.[@b140-ebo-suppl.2-2015-057] Using dense SNP array data and by simulating different demographic models for the occupation of this region, they found that the most parsimonious scenario involved a split of New Guineans from a common Eurasian ancestor population, rather than a separate early migration event.

Multiple dispersals
-------------------

Lahr and Foley were the first to propose that AMH populated the world via multiple rather than a single wave of expansion from a morphologically variable population in Africa.[@b141-ebo-suppl.2-2015-057],[@b142-ebo-suppl.2-2015-057] Under their multiple dispersals model, there was an initial dispersal between 50 and 100 kya through South Arabia to Southeast Asia (the Southern route) and a second migration following the Northern route, through the Levant, that led to the colonization of the rest of Eurasia between 40 and 50 kya. They suggested that each of these dispersals was different in terms of the associated artifacts, with the first migration into the Arabian Peninsula affiliated with Middle Paleolithic stone tools and the later expansion through the Levantine corridor into Europe consistent with the appearance of upper Paleolithic tools. Later work by Field and Lahr used a geographical information system-based model, incorporating climatic data from 74 to 59 kya, to show that both a Northern and a Southern route out of Africa would have been possible given environmental barriers.[@b143-ebo-suppl.2-2015-057]

More recently, McEvoy et al tested the multiple dispersals hypothesis by applying a LD-based approach to ∼200,000 SNPs in 17 global populations.[@b144-ebo-suppl.2-2015-057] They estimated the split time between these populations using mathematical models that relate the split time to F~ST~ between populations and the effective population size (N~e~) of populations, assuming a simple bifurcating tree model. By testing divergence times in West and East Eurasian populations simultaneously, they found evidence for a more complex OoA scenario than that suggested by a single dispersal model. Namely, they demonstrated a significant difference in estimates of African/European and African/East Asian divergence times (40 and 36 kya, respectively). These dates are more recent than those previously proposed but nonetheless may indicate that Europe and East Asia were occupied by separate AMH dispersals. The same technique was used in recent work to explore divergence times between Europe and Africa and Australo-Melanesia and Africa.[@b145-ebo-suppl.2-2015-057] The split time for European and East African populations (57--76 kya) was again estimated to be somewhat more recent than that for East Asia and Africa (73--88 kya), and significantly more recent than that between Australo-Melanesians and Africa (87--119 kya) even after accounting for Denisovan introgression into the ancestors of Australo-Melanesians. According to the authors, this is again inconsistent with a single wave dispersal and suggests that Australo-Melanesian populations retain signals of an ancient divergence from Africa. This fits well with the discovery of artifacts associated with human colonization at the Huon Peninsula of Papuan New Guinea and the Mungo Man remains, the oldest AMH found in Australia, dated at 40 kya.[@b146-ebo-suppl.2-2015-057]--[@b148-ebo-suppl.2-2015-057]

Templeton stressed the importance of genetic interchange under a multiple dispersals scenario.[@b149-ebo-suppl.2-2015-057] His model suggests that ancestors of modern humans, some of which did not necessarily have AMH features, expanded out of Africa many times during the Pleistocene and that these expansions were never sufficient to remove the genetic contributions of previous dispersals, resulting in interbreeding between dispersing groups rather than population replacement. Further support for this model was recently provided by Reyes-Centeno et al who used morphological data from Holocene human cranial samples found in Asia, in conjunction with genetic data, to evaluate models of modern human dispersals out of Africa.[@b150-ebo-suppl.2-2015-057] They concluded that a single dispersal model was likely too simplistic and, as with other studies, found that modern humans first went south upon leaving African and only later took the Northern route in a second expansion wave. Recently published work providing evidence for modern human introgression into the ancestors of East Asian Neanderthals 100 kya also gives support for the multiple dispersals hypothesis.[@b124-ebo-suppl.2-2015-057]

In the same vein, it has been suggested that some isolated Southeast Asian/Oceania populations, such as Papuans[@b140-ebo-suppl.2-2015-057],[@b151-ebo-suppl.2-2015-057] and Andamanese and Malaysian Negritos,[@b125-ebo-suppl.2-2015-057],[@b152-ebo-suppl.2-2015-057],[@b153-ebo-suppl.2-2015-057] represent relic populations of a first wave OoA. Some of this evidence is in light of autosomal DNA studies that have indicated Southeast Asia was settled by multiple waves of peoples, the first most related ancestrally to modern day groups such as the Onge and the second more closely related ancestrally to modern day East Asians.[@b125-ebo-suppl.2-2015-057] However, it remains challenging to disentangle whether differences in inferred ancestry are the result of long-term physical isolation and low population sizes rather than a separate wave of OoA migration.

Genetic evidence for an early Southern exit was presented by Rasmussen et al who analyzed a lock of hair from a 100-year-old Australian Aborigine.[@b154-ebo-suppl.2-2015-057] Applying *D* statistics to segregating sites in the genomes of modern Africans, Europeans, and Asians, they provided evidence for an early branching of Australian Aborigines 75--62 kya. These results suggest that the ancestors of Australian Aborigines are some of the best modern day representatives of a possible early human dispersal into East Asia, although such a conclusion is still a matter of controversy.

Opponents of an early migration into Australia and Oceania assert that if an early migration had taken place before AMH spread into Eurasia, then we would not expect to see evidence of Neanderthal admixture in these genomes given our current understanding of the Neanderthal geographic range.[@b118-ebo-suppl.2-2015-057],[@b153-ebo-suppl.2-2015-057] A conciliatory explanation for the fact that Australo-Melanesians have similar levels of Neanderthal admixture as other non-African populations has been proposed by Weaver,[@b155-ebo-suppl.2-2015-057] who has speculated that the Neanderthal genetic component present in Australasians may be the result of introgression from another group that was in direct contact with Neanderthals.[@b109-ebo-suppl.2-2015-057],[@b125-ebo-suppl.2-2015-057],[@b156-ebo-suppl.2-2015-057],[@b157-ebo-suppl.2-2015-057]

Back into Africa Migrations
===========================

Another major difficulty in using DNA from modern individuals to the study of OoA migrations is the high proportion of non-African ancestry in modern-day Africans. The first indicators of what is termed the "back to Africa" migrations were obtained from phylogeny and phylogeography of mtDNA haplogroups U6 and M1, which have an origin outside Africa and are currently largely distributed within North and East Africa.[@b158-ebo-suppl.2-2015-057],[@b159-ebo-suppl.2-2015-057] There is now robust evidence for recent migrations back to Africa from non-African populations, as exemplified by high levels of non-African ancestry in present-day Horn of Africa (Ethiopia, Eritrea, Djbouti, and Somalia) and Southern Africa,[@b160-ebo-suppl.2-2015-057] where Eurasian ancestry proportions can be as high as 40%--50% in, for example, some Ethiopian populations.[@b161-ebo-suppl.2-2015-057],[@b162-ebo-suppl.2-2015-057] What is less clear, however, is both the number and the timing of these migrations, as there seems to be a lack of consensus among archeological, mtDNA, Y chromosome, and genomic studies. Using genome-wide data, back to Africa admixture into the Horn of Africa was dated using ROLLOFF,[@b120-ebo-suppl.2-2015-057] ALDER,[@b162-ebo-suppl.2-2015-057] and GLOBETROTTER[@b163-ebo-suppl.2-2015-057] software programs to around 3 kya, coinciding with the origin of the Ethiosemitic languages.[@b109-ebo-suppl.2-2015-057],[@b160-ebo-suppl.2-2015-057] Others have argued for older, perhaps additional, back to Africa migrations using both autosomal[@b164-ebo-suppl.2-2015-057],[@b165-ebo-suppl.2-2015-057] and mtDNA analyses.[@b71-ebo-suppl.2-2015-057],[@b166-ebo-suppl.2-2015-057]--[@b169-ebo-suppl.2-2015-057] Any such admixture complicates the ability to study the OoA hypothesis using the genomes of modern day groups. For example, it is plausible that Eurasian gene flow into Africa, together with the high genetic drift reported for East Asians compared to Europeans,[@b170-ebo-suppl.2-2015-057] might explain the reduced African/European compared to African/East Asian divergence times mentioned in the previous work supporting multiple dispersals out of Africa.[@b168-ebo-suppl.2-2015-057],[@b169-ebo-suppl.2-2015-057]

Intriguingly, the genome of a 4,500-year-old Ethiopian individual (thus predating the 3 kya Eurasian backflow) named Mota has recently been published ([Fig. 1](#f1-ebo-suppl.2-2015-057){ref-type="fig"} and [Table 1](#t1-ebo-suppl.2-2015-057){ref-type="table"}).[@b171-ebo-suppl.2-2015-057] Given that this specimen represents the first aDNA sample from Africa, it will likely become crucial for understanding African genetic diversity and accounting for confounding factors when using DNA from modern populations to reconstruct ancient events. However, the power to draw precise inference from a single such sample is likely limited, so that any resulting conclusions should be treated with caution.

Conclusions
===========

Unraveling the origins and migratory movements of the first *H. sapiens* is key to understand the genetic diversity of modern-day populations. That said, the vast passage of time generates a level of complexity where conflicts are often encountered in the synthesis of paleontological, archeological, and climatic data.

Much of recent genetic work has moved away from analyses of uniparental systems and instead focuses on using genome-wide autosomal data to reconstruct past events. In light of a lack of high coverage aDNA samples from geographically and temporally representative regions, many studies have also focused on using modern populations to answer questions relating to OoA migration. This is extremely challenging, given that the majority of modern populations are admixed and many African populations have received non-African ancestry as a result of back to Africa migrations. Furthermore, population-specific drift effects are likely to be important, particularly when addressing the question of a single or multiple dispersals out of Africa, particularly given higher reported drift in East Asians compared to Europeans[@b170-ebo-suppl.2-2015-057] may distort estimates of split times in relation to Africa. Given extensive differential drift and admixture, it is likely that modern populations are not very accurate representatives of past populations. With this in mind, developing techniques to study ancient demography using present-day populations is likely to yield only limited success.

We are now entering an era where aDNA samples are increasingly available from different localities and time points. Given the development of new techniques in aDNA recovery and improvements in approaches to minimize contamination and account for postmortem damage, researchers now have access to DNA of both sufficient quality and coverage for the most sophisticated analytic approaches. Good examples are the publicly available high coverage Neanderthal and Denisovan genomes, which have revised our understanding of the OoA event through the identification and dating of admixture between these ancient hominins and AMH leaving Africa, something which was not possible using uniparental systems.

Ancient samples allow direct assessment of the genetic structures of past populations. Using these, in conjunction with carefully selected modern populations will likely allow far greater resolution when reconstructing the paths our ancestors took, as well as in the calibration of AMH mutation rates. However, obtaining samples from key geographical regions (eg, many parts of Africa) currently remains challenging due to poor preservation conditions in certain climates, particularly for older samples.[@b172-ebo-suppl.2-2015-057],[@b173-ebo-suppl.2-2015-057] Thus, it remains to be seen whether informative data relevant to the OoA question can be acquired. Future success in settling some of these long-standing debates will likely require a unified approach that integrates observed patterns in ancient and modern DNA with a growing body of archeological and anthropological data.
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###### 

Classification of the most relevant studies related to the out of Africa event is addressed in this review according to the type of data used along with some examples of the methodology performed.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  EXAMPLES OF INFERENCES                           ARCHEOLOGICAL RECORD/FOSSILS                                                                                                                            mtDNA AND NRY (ChrY) (SOME RELEVANT REFERENCES)                                                                                                                                                          STR/AUTOSOMAL DNA (SOME RELEVANT REFERENCES)                            WHOLE-GENOME GENOTYPING/NEXT-GENERATION SEQUENCING (SOME RELEVANT REFERENCES)
  ------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Human origin in Africa/serial founder model      Omo I[@b44-ebo-suppl.2-2015-057],[@b45-ebo-suppl.2-2015-057] Herto fossils[@b46-ebo-suppl.2-2015-057] Jebel Irhoud remains[@b53-ebo-suppl.2-2015-057]   [@b11-ebo-suppl.2-2015-057],[@b16-ebo-suppl.2-2015-057]--[@b18-ebo-suppl.2-2015-057],[@b21-ebo-suppl.2-2015-057]--[@b26-ebo-suppl.2-2015-057],[@b53-ebo-suppl.2-2015-057]--[@b55-ebo-suppl.2-2015-057]   [@b27-ebo-suppl.2-2015-057]--[@b30-ebo-suppl.2-2015-057]                [@b47-ebo-suppl.2-2015-057],[@b48-ebo-suppl.2-2015-057],[@b50-ebo-suppl.2-2015-057]

  Possible routes of human dispersal               **Northern route:** Skhul and Qafzeh hominins[@b56-ebo-suppl.2-2015-057],[@b57-ebo-suppl.2-2015-057]\                                                   Northern route[@b63-ebo-suppl.2-2015-057]\                                                                                                                                                               Northern route[@b31-ebo-suppl.2-2015-057],[@b32-ebo-suppl.2-2015-057]   Northern route[@b64-ebo-suppl.2-2015-057]
                                                   **Southern route:** Abdur Reef Limestone[@b75-ebo-suppl.2-2015-057],[@b76-ebo-suppl.2-2015-057]                                                         Southern route[@b13-ebo-suppl.2-2015-057],[@b66-ebo-suppl.2-2015-057]--[@b71-ebo-suppl.2-2015-057]                                                                                                                                                                               

  Timing of the Out of Africa event                **100--130 Kya:** Mount Toba[@b84-ebo-suppl.2-2015-057]\                                                                                                40--60 Kya[@b67-ebo-suppl.2-2015-057],[@b80-ebo-suppl.2-2015-057]                                                                                                                                        50--60 Kya[@b82-ebo-suppl.2-2015-057],[@b93-ebo-suppl.2-2015-057]       50--60 Kya[@b94-ebo-suppl.2-2015-057]--[@b96-ebo-suppl.2-2015-057]\
                                                   **80--120 Kya:** Daoxian[@b88-ebo-suppl.2-2015-057]\                                                                                                                                                                                                                                                                                                                                                                                     80--100 Kya assuming gene flow up to 20 Kya[@b97-ebo-suppl.2-2015-057]
                                                   **70--120 Kya:** Zhirendong[@b89-ebo-suppl.2-2015-057]\                                                                                                                                                                                                                                                                                                                                                                                  
                                                   Luna Cave[@b90-ebo-suppl.2-2015-057] Liujiang[@b91-ebo-suppl.2-2015-057] Callao man[@b92-ebo-suppl.2-2015-057]                                                                                                                                                                                                                                                                                                                           

  Intermixing between archaics and modern humans   Feldhofer, Vindija and Mezmaiskaya Caves (Neanderthal remains)[@b109-ebo-suppl.2-2015-057],[@b117-ebo-suppl.2-2015-057]\                                                                                                                                                                                                                                                                                                                 2% DNA from Neanderthals[@b118-ebo-suppl.2-2015-057],[@b119-ebo-suppl.2-2015-057],[@b123-ebo-suppl.2-2015-057],[@b154-ebo-suppl.2-2015-057]\
                                                   Denisova Cave (Neanderthal and Denisova remains)[@b110-ebo-suppl.2-2015-057],[@b111-ebo-suppl.2-2015-057]                                                                                                                                                                                                                                                                                                                                Modern human introgression into the ancestors of East Asian\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            Neanderthals 100 Kya[@b124-ebo-suppl.2-2015-057] 3--5% DNA from Denisovans[@b111-ebo-suppl.2-2015-057],[@b125-ebo-suppl.2-2015-057]

  Back into Africa migrations                      Mota (4,500 years old, no Eurasian admixture)[@b171-ebo-suppl.2-2015-057]                                                                               [@b71-ebo-suppl.2-2015-057],[@b158-ebo-suppl.2-2015-057],[@b159-ebo-suppl.2-2015-057],[@b166-ebo-suppl.2-2015-057]--[@b169-ebo-suppl.2-2015-057]                                                                                                                                 1--50% ancestry from West Eurasia contributed 4.5 Kya[@b159-ebo-suppl.2-2015-057],[@b160-ebo-suppl.2-2015-057],[@b162-ebo-suppl.2-2015-057],[@b164-ebo-suppl.2-2015-057],[@b165-ebo-suppl.2-2015-057],[@b171-ebo-suppl.2-2015-057]

  Some of the main methods used                    --Stratigraphy\                                                                                                                                         --Phylogenetic trees\                                                                                                                                                                                    --Genetic diversity\                                                    --Recent admixture detection and dating\
                                                   --Radiometric dating\                                                                                                                                   --Haplogroup diversity                                                                                                                                                                                   --Phylogenetic trees\                                                   --Past population sizes estimates\
                                                   --Morphology and comparative anatomy studies                                                                                                                                                                                                                                                                                                                     --Gene networks                                                         --Allele frequency spectrum (AFS)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            --Identity-by-state (IBS) SNP analysis\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            --Genetic diversity (LD, heterozygosity)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            --Coalescent-based modeling--Clustering
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[^1]: These authors contributed equally to this work.
